ABSTRACT: We examined seasonal and spatial variation in bacterioplankton composition in the Sacramento-San Joaquin River Delta (CA) using terminal restriction fragment length polymorphism (T-RFLP) analysis. Cloned 16S rRNA genes from this system were used for putative identification of taxa dominating the T-RFLP profiles. Both cloning and T-RFLP analysis indicated that Actinobacteria, Verrucomicrobia, Cytophaga-Flavobacterium and Proteobacteria were the most abundant bacterioplankton groups in the Delta. Despite the broad variety of sampled habitats (deep water channels, lakes, marshes, agricultural drains, freshwater and brackish areas), and the spatial and temporal differences in hydrology, temperature and water chemistry among the sampling campaigns, T-RFLP electropherograms from all samples were similar, indicating that the same bacterioplankton phylotypes dominated in the various habitats of the Delta throughout the year. However, principal component analysis (PCA) and partial least-squares regression (PLS) of T-RFLP profiles revealed consistent grouping of samples on a seasonal, but not a spatial, basis. β-Proteobacteria related to Ralstonia, Actinobacteria related to Microthrix, and β-Proteobacteria identical to the environmental Clone LD12 had the highest relative abundance in summer/fall T-RFLP profiles and were associated with low river flow, high pH, and a number of optical and chemical characteristics of dissolved organic carbon (DOC) indicative of an increased proportion of phytoplankton-produced organic material as opposed to allochthonous, terrestrially derived organic material. On the other hand, Geobacter-related β-Proteobacteria showed a relative increase in abundance in T-RFLP analysis during winter/spring, and probably were washed out from watershed soils or sediment. Various phylotypes associated with the same phylogenetic division, based on tentative identification of T-RFLP fragments, exhibited diverse seasonal patterns, suggesting that ecological roles of Delta bacterioplankton were partitioned at the genus or species level.
INTRODUCTION
Microbial metabolism accounts for most of the carbon turnover in aquatic ecosystems, yet our understanding of factors shaping the composition of this critical ecosystem component is still very limited. Several studies indicate that the composition of planktonic bacterial assemblages co-vary with abiotic variables, such as salinity (González & Moran 1997 , Crump et al. 1999 , Glöckner et al. 1999 , Bouvier & del Giorgio 2002 , aluminum concentration (Methé & Zehr 1999) , and the concentration and character of dissolved organic carbon (DOC) (Methé & Zehr 1999 , Fuchs et al. 2000 , Covert & Moran 2001 ). In addition, laboratory experiments show that biotic interactions, such as grazing by protists (Simek et al. 2001 , Matz et al. 2002 and viral lysis (Wommack & Colwell 2000) , are potentially important in defining the composition of bacterioplankton. The effects of individual factors are often difficult to differentiate, however, due to the complexity of ecological interactions and due to the limitations of existing methodology.
Several 16S rRNA fingerprinting techniques based on PCR have been developed for rapid comparison of natural microbial assemblages, including terminal restriction fragment length polymorphism (T-RFLP) analysis (Avaniss-Aghajani et al. 1996) . Since PCR amplification of 16S rRNA genes gives highly reproducible ratios between amplicons when performed under identical conditions, and due to the analytic precision of T-RFLP analysis (Polz & Cavanaugh 1998 , González et al. 2000 , multivariate statistical analysis of T-RFLP band intensities has been used successfully to detect shifts in the composition of complex microbial assemblages (Dollhopf et al. 2001 ). However, PCR-based methods are not suitable to obtain absolute values of phylotype abundances. As an alternative to PCR-dependent methods, fluorescent in situ hybridization (FISH) is used widely for field monitoring of the distribution of bacterioplankton phylogenetic groups. While FISH is not subject to PCR biases (Suzuki & Giovannoni 1996 , Wintzingerode et al. 1997 , Polz & Cavanaugh 1998 , this technique typically is applied at kingdom-level phylogenetic resolution, which may be insufficient to examine ecologically relevant patterns in bacterial community composition. In addition, not all cells are identified with FISH probes, and the method fails to detect bacteria with low metabolic activity and low cell wall permeability (e.g. Bouvier & del Giorgio 2002) .
In this study, we examined environmental controls of seasonal and spatial variation of bacterioplankton composition in the Sacramento-San Joaquin River Delta, CA, using T-RFLP analysis and multivariate statistics. Cloned 16S rRNA genes from this system were used to identify taxa dominating T-RFLP profiles. The Delta, located at the eastern end of the northern San Francisco Bay, is particularly interesting for studies of factors controlling bacterioplankton composition because, within a geographically confined area, the Delta encompasses a wide variety of aquatic habitats ranging from deepwater channels to lakes, wetlands and agricultural drains (see Fig. 1 , Table 1 ). The concentration and sources of DOC vary widely, both spatially and seasonally, within the Delta (Jassby & Cloern 2000) . Deep water channels receive most of their DOC from the upper watershed, while wetlands and lakes support substantial production of emergent and floating macrophytes and phytoplankton. Agricultural drains collect water from the organic soils in the Delta and have elevated concentrations of humic-rich DOC. Seasonal variation in hydrology and water chemistry is profound in the Delta, with highest water flow, highest DOC concentration and lowest temperatures occurring from November to April (see Fig. 2 ).
MATERIALS AND METHODS
Sampling strategy. Twelve sampling stations were selected to represent diverse aquatic habitats in the Delta (Fig. 1 , Table 1 ). Stns B and X were in oligohaline locations and the remaining stations were in freshwater locations. Shallow tidal water habitats (Stns B, F, M, N and S) were sampled during maximum ebb tide to better discriminate material originating from local sources. Deep water in the central Delta (Stn P) was sampled at maximum flood tide. Stn C was sampled during water intake from the Delta to the Clifton Court forebay, which occurred 1 to 2 h before the maximum flood tide. The upstream Stns H and V, the fluctuating salinity front Stn X, the agricultural drain Stn T and the non-tidal reconstructed wetland Stn D were sampled at various times in the tidal cycle. Water was collected at mid-depth at each station. However, only Stn X had significant vertical stratification, indicated by temperature, dissolved oxygen and conductivity profiles. Four sampling Table 1 . A photographic presentation of various habitats in the Delta is available at sfbay.wr.usgs.gov/access/wqdata/guide/delta/sitephotos.html series were performed to cover diverse hydrological and vegetative conditions in the Delta. These occurred during March 19 to 24, July 16 to 21 and October 15 to 20, 2000, and February 4 to 9, 2001 (Fig. 2) .
DNA collection and extraction. Water samples of 100 to 500 ml were filtered through Sterivex SVG filter cartridges (nominal pore size 0.22 µm, Millipore) within 12 h of sample collection. Cartridges were filled with 1.8 ml of lysis buffer (0.75 M sucrose, 40 mM EDTA, 50 mM Tris [pH 8.3] ) and stored frozen until processing. During each sampling series, a blank was prepared by filling an unused Sterivex cartridge with lysis buffer. No PCR product was obtained from any of the blanks.
Due to the high concentration of humic substances in the samples, DNA was extracted using UltraClean Soil DNA Isolation Kit (MoBio). Filters and the liquid phase from Sterivex cartridges were transferred to a 50 ml plastic tube and vortexed at maximal speed for 15 min together with 1 portion of the bead solution (about 1 ml), 60 µl of S1 solution and 200 µl of IRS solution. 450 µl of the resulting slurry was used in further steps of extraction according to the manufacture's instructions. Some extracted DNA samples had to be processed further with Sephadex G-75 spin columns (Moran et al. 1995) A total of 34 randomly selected clones were sequenced using primers 27F and 907R (5'-CCG TCA ATT CCT TTR AGT TT), yielding readable sequences of about 800 bp. Sequences were automatically aligned with ClustalX (Thompson et al. 1997 ) and phylogenetic trees were constructed with the PHYLIP package (Felsenstein 1989 ) using Jukes-Cantor evolutionary distances and the neighbor-joining method. Phylogenetic affiliations were designated based on the closest sequences retrieved from GenBank using the BLAST search tool (Altschul et al. 1997) and from the Ribosomal Database Project (RDP; Maidak et al. 1994) . Five chimeras were detected by constructing alternative phylogenetic trees using 300 bp pieces from 5' and 3' ends, and by the CHECK_CHIMERA program of RDP. Chimeras were removed from the data set. Of the 29 non-chimeric sequences, 25 represented 16S rRNA genes of bacteria and 4 sequences appeared to originate from chloroplasts (Table 2) . Non-chimeral SFD1 sequences were deposited in GenBank with accession numbers AF491653 to AF491681.
T-RFLP. 16S rRNA genes from environmental samples and SFD1 clones were amplified as above, except that fluorescently labeled forward primers were used. FAM-27F and HEX-27F (Applied Biosystems) were used for environmental samples and clones, respectively. To ensure efficient PCR amplification, 10% of the forward primer was unlabeled. PCR products were subjected to electrophoresis in a low-melt agarose gel and the band of the correct size was removed and extracted with the Wizard PCR DNA prep purification system (Promega). PCR amplicons (150 ng of environmental samples or 10 ng of clones) were digested for 3 h with 10 U of CfoI restriction enzyme (GCGˇC; Roche) in 10 µl at 37°C. The entire volume was precipitated with ethanol and resuspended in 15 µl deionized formamide and 0.5 µl Genescan 2500 TAMRA size standard (Perkin-Elmer). Before the analysis, samples were denatured for 5 min at 95°C and placed immediately on ice for 3 min. Fragment length was determined on an ABI Prism 310 genetic analyzer in GeneScan mode using 47 cm × 50 µm capillaries, POP-4 polymer (Perkin-Elmer), 20 s injection time, 15 kV injection and run voltage, and 60°C capillary temperature. Each clone was co-injected with an environmental sample to ensure identical size calling of matching peaks. Due to a combination of low DNA content and interference from humic substances, some samples could not be amplified and were excluded from further analysis. We used peak height in T-RFLP profiles as a proxy for the relative abundance of taxa represented by restriction fragments in amplicon pools obtained from environmental samples. Integrated peak areas were not used due to overlap of some peaks. Peaks less than 1.5 bases apart from a larger peak were binned. Binned peaks were normalized against the sum of peak heights in a profile. To account for small differences in run time among samples, we considered fragments from different profiles with less than 1 base difference to be the same length. Peaks were assumed to be artifacts and were removed from further analysis if they fulfilled both of the following conditions: (1) They did not contribute more than 1% to the sum of peak heights in any individual profile; (2) they occurred in less than 3 profiles. A program in Visual Basic for Microsoft Excel was developed to automate this numeric procedure.
Environmental variables. Water-flow data for the Sacramento and San Joaquin rivers were obtained from the State of California Department of Water Resources (Fig. 2) . Water temperature, pH and conductivity were measured in the field. The absorption coefficient at 350 nm (a350) was calculated as 2.303 × a350/0.01, where a350 is absorbance at 350 nm and 0.01 is the length of the cuvette in m. The spectral slope coefficient (AbS) was calculated from a partial least-squares linear regression (PLS) of ln-transformed absorbance versus wavelength, in the wavelength range 280 to 400 nm (Davies-Colley & Vant 1987) . Fluorescence was measured using a SPEX FluoroMax-3 spectrofluorometer with 5 nm excitation and emission slit widths, controlled with Datamax and Grams/32 software. The ratio of fluorescence at 450 and 500 nm under excitation at 365 nm (FluR) was used as an indicator of DOC source, as in McKnight et al. (2001) . DOC was measured with a Shimadzu TOC-5000 analyzer.
DOC fractionation into humic, fulvic and hydrophilic components was achieved by sequential extraction on non-ionic macroporous resins XAD-8 and XAD-4 (Malcolm & MacCarthy 1992) . DOC bioavailability was determined as oxygen consumption by the natural microbial assemblage during 14 d in nutrient-sufficient cultures at 15°C in the dark, as in Covert & Moran (2001) . Bacterial abundance was measured using SYTO-13 nucleic acid stain (Molecular Probes) with FACSSort and FACSCalibur (Becton Dickinson) flow cytometers, as in del Giorgio et al. (1996) .
Multivariate statistics. Principal component analysis (PCA) and partial least squares regressions (PLS) were performed using The Unscrambler 6.11 software (Camo). These statistical techniques are not sensitive to covariance and uneven variance among the variables and do not require the analytical error in predictor variables to be negligible. Before the analysis, all variables were autoscaled: the geometric means were centered to 0 and all data were normalized for SD. Full cross validation was used in the modeling procedure with 1 sample excluded at a time. of determination for a regression, i.e. the proportion of variance in the response variable being explained by the model.
RESULTS
The SFD1 clone library contained 25 bacterial sequences, of which 8 were identified as Actinobacteria, 6 as Cytophaga-Flavobacterium (CF), 4 as β-Proteobacteria, 2 each as Verrucomicrobia, α-Proteobacteria and δ-Proteobacteria, and 1 as Fibrobacter ( Table 2 ). Assuming that clones with > 97% similarity represent the same species, CFD1 clone library covered 56% of the total diversity in PCR amplicons of the sample, calculated as [1 -(n/N)] × 100, where n (= 11) is the number of unique sequences and N (= 25) is the total number of bacterial sequences (Table 2; Good 1953) .
The 2 α-Proteobacteria (SFD1-3 and SFD1-12) were identical to the LD12 clone (over the 757 bp sequence overlap) retrieved from eutrophic Lake Loosdrecht in The Netherlands, to the CR-FL10 clone from the Columbia River in the western USA (410 bp overlap), and to the SY1-49 clone from Lake Soyang in South Korea (392 bp overlap; GenBank BlastN search; Table 2 ). SFD1-3 and SFD1-12 also were > 99% similar to Clones HTH6 and CL120-34, retrieved from the Horsetooth Reservoir in Colorado and from the ultraoligotrophic Crater Lake in Oregon, USA, respectively. Sequences with > 99% similarities were also found for β-Proteobacteria SFD1-14 and SFD1-25 (Clone LD28 from Lake Loosdrecht, Clone ACK-C30 from the acidic lake Carry Pond in New York State, USA, and Clone CRE-FL73 from the Columbia River) and for Actinobacteria SFD1-38 (Clone HT2E3 from the Horsetooth Reservoir) and SFD1-39 (Clone GOBB3-CL124 from the River Öre in northern Sweden).
T-RFLP analysis of bacterial clones using 27F primer and CfoI restriction enzyme gave terminal restriction fragments in the size range from 64 to 662 bp (Table 2 ). In no case did 2 clones with < 97% sequence similarity have identical fragment lengths, except for Actinomycete SFD1-39, which had an identical fragment length with Actinobacteria SFD1-21 and -38, but was only 92% similar to the latter 2 clones. In turn, all clones with > 97% sequence similarity had identical terminal restriction fragments. This provided for a robust putative identification of T-RFLP peaks in environmental samples, based on matches with the clone library. Fiftyfive unique peaks could be distinguished in environmental T-RFLP profiles, out of which 13 peaks matched expected fragment lengths of SFD1 clones.
Sampling periods of the study represented diverse hydrologic and climatic conditions in the Delta (Fig. 2) . March 2000 samples were collected at the end of a large winter flood with temperatures starting to rise after the winter minimum. July and October 2000 samples represented mid-and late summer conditions with low river water flow and temperatures at their annual maximum (July) or in the beginning of a decline (October). February 2001 samples were collected between several small winter floods with water temperature at its annual minimum. Average water conductivity in the sampled water was lowest (741 milisiemens [mS] cm -1 ) during the March sampling and highest (1117 mS cm -1 ) during the October sampling, while average pH was lowest (7.2) in March and highest (7.7) in July (Table 3) ) a350/DOC, respectively. The highest and the lowest average values of AbS were found at Stns V (0.0157) and F (0.0140), while highest and lowest average values of FluR were found at Stns H (1.69) and T (1.46). Stn T had the highest average proportion of DOC in the form of humic acids (53.6%) and the lowest average proportion of DOC in fulvic acids (23.7%). In turn, the lowest fraction of humic DOC (43.5 and 44.1%) and the highest fraction of fulvic DOC (35.5 and 36.2%) were found at Stns V and X. The proportion of hydrophilic DOC averaged 20 to 23% at all stations. Stns H and M had the highest average DOC bioavailability (12%), while Stn T had the lowest average DOC bioavailability (7%). Bacterial abundance was highest at Stns T (9.1 × 10 9 l -1 ) and M (9.0 × 10 9 l -1 ), and lowest at Stn X (3.5 × 10 9 l -1 ). Differences among the environmental T-RFLP profiles were relatively small, with the same dominant fragments occurring in most of the profiles (Figs. 3 & 4) . Fragments that averaged more than 3% to the sum of peak heights in profiles included 80 bp (δ-Proteobacteria), 98 bp (unidentified), 202 bp (Verrucomicrobia), 204 bp (unidentified), 518 bp (β-Proteobacteria), 565 bp (unidentified), 570 bp (β-Proteobacteria) and 662 bp (Actinobacteria) peaks. Most of the dominant peaks, corresponding to 65% (median) of the total T-RFLP peak height, could be putatively identified by matching clones (Fig. 4) . Median contributions by the various phylogenetic groups were as follows: Verrucomicrobia (24%; 202 bp peak), Actinobacteria (21%; 395, 398, 400 and 662 bp peaks), δ-Proteobacteria (7%; 80 bp peak), β-Proteobacteria (4%; 145, 542 and 570 bp peaks), CytophagaFlavobacterium (3%; 64 and 94 bp peaks) and α-Proteobacteria (2%, 518 bp peak).
To discriminate general patterns of phylotype distribution among the environmental samples, PCA was performed using normalized heights of terminal restriction fragment peaks as input variables. The first 2 principal components, PC1 and PC2, explained 11 and 9%, respectively, of the total variation in the peak height (Fig. 5) . PCA revealed clear seasonal separation along PC1, with winter/spring samples grouping on the negative side and summer/fall samples on the positive side ( 
Campaign means
Mar 00 1644 12.1± 2.1 741±1103 7.2 ± 0.4 8.9 ± 2.6 487 ± 627 17.0 ± 22.8 34.9 ± 6.9 13.3 ±1.2 1.43 ± 0.02 48.3 ± 6.7 31.0 ± 8.8 20.6 ± 3.0 25.1± 30.4 5.4 ±1.2 6.5 ± 2.5 Jul 00 634 20.8 ±1.7 813 ±1175 7.7 ± 0.5 6.5 ± 3.3 292 ± 257 8.7 ±10.3 26.1± 6.2 14.9 ±1.0 1.61± 0.07 50.1± 2.9 28.9 ± 3.0 21.0 ±1.4 15.2 ± 6.2 7.3 ± 3.7 10.1± 3.7
Oct 00 414 17.8 ±1.1 1117 ±1597 7.4 ± 0.4 5.5 ± 4.0 343 ± 354 8.8 ±11.3 21.7 ± 5.9 16.5 ± 0.6 1.61± 0.07 48.0 ± 4.6 30.5 ± 5.1 21.5 ±1.1 40.3 ± 33.6 13.2 ± 4.1 7.5 ± 9.2 Feb 01 436 9.0 ±1.5 858 ±1003 7.6 ± 0.3 11.1± 3.3 747 ± 880 20.7 ± 27.3 25.4 ± 5.0 14.2 ±1.4 1.59 ± 0.10 50.6 ± 4.9 27.8 ± 5.3 21.7 ±1.5 62.8 ± 42.2 10.3 ± 2.5 7.9 ± 8.7
Station means B 14.8 ± 3.8 2743 ±1836 7.2 ± 0.2 8.2 ± 2.0 367 ± 65 11.5 ± 4.8 30.5 ± 9.2 14.5 ±1.4 1.54 ± 0.09 51.6 ± 2.7 28.1± 2.2 20.3 ±1.4 21.4 ± 8.5 5.9 ± 2.1 7.5 ± 3.3 C 15.9 ± 5.1 397 ± 96 7.4 ± 0.2 6.1± 4.2 317 ±149 8.3 ± 3.9 26.0 ± 5.1 15.0 ± 0.8 1.56 ± 0.07 46.9 ± 6.9 31.5 ± 8.1 21.6 ±1.2 32.7 ± 20.8 10.8 ± 6.7 6.8 ±1.2 D 13.0 ± 4.8 346 ±119 7.0 ± 0.4 5.6 ± 2.5 363 ±106 9.1± 2.2 25.5 ±1.8 15.5 ± 0.4 1.56 ± 0.01 51.7 ±1.8 26.1±1.9 22.1± 0.4 30.5 ± 7.5 8.5 ± 0.6 6.5 ± 3.9 F 15.1± 5.0 513 ±186 8.1± 0.3 12.7 ± 2.1 240 ± 93 7.0 ± 3.6 27.9 ±10.0 14.0 ±1.6 1.57 ± 0.09 51.0 ± 3.9 28.9 ± 4.3 20.1± 0.6 25.6 ±13.9 10.9 ± 3.7 6.2 ± 2.6 H 14.4 ± 4.7 145 ± 48 7.4 ± 0.3 8.4 ± 3.3 159 ± 73 4.2 ± 2.1 27.4 ±11.5 14.2 ± 2.5 1.69 ± 0.03 50.4 ±1.6 28.4 ±1.1 21.2 ± 0.9 19.9 ±11.1 12.0 ± 2.9 5.1±1.6 M 16.2 ± 5.4 271± 66 7.6 ± 0.3 9.0 ± 3.8 300 ±148 8.0 ± 4.6 25.2 ± 4.3 15.0 ±1.2 1.56 ± 0.07 47.7 ± 3.6 31.3 ± 5.2 21.1± 2.2 31.6 ±13.9 12.0 ± 5.5 9.0 ± 3.7 N 14.9 ± 4.9 243 ± 46 7.2 ± 0.3 8.5 ± 2.1 318 ±106 8.8 ± 3.1 27.3 ± 4.0 14.6 ±1.5 1.55 ± 0.07 52.5 ±1.9 25.4 ±1.8 22.0 ± 0.8 27.2 ±10.6 8.8 ± 2.2 7.3 ± 3.6 P 15.5 ± 4.9 254 ± 49 7.6 ± 0.2 9.3 ± 3.8 268 ±125 7.0 ± 4.2 24.6 ± 6.0 14.5 ±1.4 1.56 ± 0.08 51.9 ± 2.8 26.3 ± 2.9 21.7 ± 0.3 26.3 ±18.5 9.4 ± 3.8 7.1±1.7 S 14.5 ± 4.9 420 ±108 7.9 ± 0.3 9.0 ± 4.4 359 ± 64 8.8 ±1.8 24.5 ± 4.5 14.1±1.6 1.64 ± 0.02 47.9 ± 2.5 31.0 ± 3.7 21.0 ±1.4 26.8 ± 8.8 7.5 ± 2.5 5.2 ± 2.3 T 11.9 ± 5.7 698 ±149 7.0 ± 0.4 4.1± 3.8 1376 ± 643 50.7 ± 22.5 37.2 ±1.0 15.6 ± 0.2 1.46 ± 0.01 53.6 ± 5.9 23.7 ± 3.9 22.7 ± 2.0 84.3 ± 44.3 7.0 ± 4.6 9.1± 5.1 V 16.8 ± 4.6 569 ± 241 7.7 ± 0.4 6.0 ± 4.1 290 ± 71 5.3 ± 0.9 19.1± 4.9 15.7 ±1.0 1.67 ± 0.12 43.5 ± 4.6 35.5 ± 6.4 20.9 ±1.9 28.2 ±14.1 9.4 ± 3.7 7.6 ±1.8 X 15.5 ± 3.7 3986 ±126 7.8 ± 0.2 9.7 ±1.4 201± 79 4.9 ± 2.3 24.1± 6.5 14.5 ± 2.6 1.60 ± 0.08 44.1± 4.6 36.2 ± 8.1 19.7 ± 3.8 20.9 ±16.9 9.5 ± 4.7 3.5 ±1.3 bacteria), 518 bp (α-Proteobacteria) and 376 bp (Skeletonema chloroplast) fragments had the most positive PC1 loadings (Fig. 5B) . No consistent spatial distribution patterns were evident from the PCA analysis (Fig. 5A) . Individual habitat types, such as lakes (Stns F and M) and marshes (Stns B, N and D) did not group together in the PC1 and PC2 scattergrams of sample scores. Brackish water Stns B and X did not separate from the freshwater stations. Furthermore, there was no consistent grouping of samples taken from the same station during winter/spring samplings (March 2000 and February 2001) or the summer/fall samplings (July and October 2001).
All data
We employed PLS to determine how variance in the intensity of the identified T-RFLP peaks and bacterial cell abundance (Y variables) is associated with the available environmental data (X variables). The first 2 latent variables (LV1 and LV2) of the model explained 8% each of the total variation in the Y variables (Fig. 6) . As with the PCA performed on the entire T-RFLP data set, PLS showed a clear separation of samples into winter/spring (March 2000 and February 2001 ) and summer/fall (July and October, 2000) groups along the LV1 axis (Fig. 6A) . Both winter/spring and summer/fall sample groups were divided into 2 subgroups along the LV2 axis. However, the latter pattern could not be attributed to any obvious grouping by sampling time or habitat type. Among X variables, LV1 was influenced negatively by river flow, DOC concentration, a350, a350/DOC and the proportion of humic DOC, while it was influenced positively by pH, temperature, AbS, FluR, the proportion of fulvic DOC and DOC bioavailability (Fig. 6B) . The LV2 was influenced mostly by the concentration of bioavailable DOC, conductivity and dissolved oxygen (all positively), and by temperature (negatively). Most of the identified T-RFLP peaks were situated on the positive side of LV1 (representing summer/fall samples), with the highest loadings by 518 bp (α-Proteobacteria), 145 bp (β-Proteobacteria), 395 bp (Actinobacteria) and 570 bp (β-Proteobacteria) fragments. In contrast, 80 bp (δ-Proteobacteria), 398 and 400 bp (Actinobacteria), and 64 bp (CF) fragments as well as bacterial abundance had negative LV1 loadings (representing winter/spring 
DISCUSSION

Bacterioplankton composition
Actinobacteria were abundant in the Sacramento-San Joaquin Delta, as indicated by their dominance in the SFD1 clone library (Table 2, Fig. 7 ) and in T-RFLP profiles (Figs. 3 & 4) . The high abundance of Actinobacteria might be a general feature in fresh waters since they make up as much as 23% of all published freshwater bacterioplankton clone sequences produced with general bacterial 16S rRNA primers (Fig. 7) . While β-Proteobacteria can dominate freshwater clone libraries (Bahr et al. 1996 , Hiorns et al. 1997 , Semenova & Kuznedelov 1998 , Crump et al. 1999 , Glöckner et al. 2000 , there are many exceptions. Actinobacteria have been found to be the most numerous phylogenetic group in clone libraries from the oligotrophic Lake Baikal (Glöckner et al. 2000) and Crater Lake (Urbach et al. 2001) , and from the organic matter-rich Sacramento-San Joaquin River Delta (this study), while the CF cluster has dominated libraries from the oligotrophic Lake Gossenköllesee (Glöckner et al. 2000) and the eutrophic Lake Loosdrecht (Zwart et al. 1998 ). Based 93 Fig. 4 . Contribution of different bacterial phylogenetic groups to the sum of normalized peak heights in environmental T-RFLP profiles from the Sacramento-San Joaquin River Delta. Fragments were tentatively identified by matching clones (Table 2) . Median, 25% percentiles, range and outliers are shown. N = 35. For sample abbreviations, see Table 1 Fig (Table 2) . For sample abbreviations, see Table 1 on FISH, Actinobacteria made up 34, 8 and 21% of DAPI counts in such contrasting environments as the oligotrophic Lake Gossenköllesse (Austria), Lake Baikal (Russia) and the acidic forest Lake Fuchskuhle (Germany), respectively, and were equally abundant as β-Proteobacteria (Glöckner et al. 2000 ; Fig. 8 ). Likewise, dot-blot DNA hybridization demonstrated that Actinobacteria contributed 18 to 48% of bacterial 16S rRNA genes in the Crater Lake (Urbach et al. 2001) .
Since allochthonous inputs to this lake are negligible, these data most likely reflected the composition of the indigenous microbial assemblage.
The recently discovered division of Verrucomicrobia comprised 24% (median) of T-RFLP chromatograms (Figs. 3 & 4) and 7 to 8% of both SFD1 clone library and freshwater bacterioplankton sequences reported in literature (Table 2 , Fig. 7 ). Using dot-blot DNA hybridization, Urbach et al. (2001) found that Verrucomicrobia made up 15 to 55% of bacterioplankton in the Crater Lake. To our knowledge, no FISH studies have been performed on Verrucomicrobia. Neither Actinobacteria nor Verrucomicrobia are common in the ocean (Giovanoni & Rappé 2000) . Thus, the abundance of these 2 phylogenetic divisions, as well as β-Proteobacteria, may be general features distinguishing freshwater bacterioplankton from its marine counterpart.
Several SFD1 sequences were >99% similar to clones retrieved from geographically distant (Table 2) . For sample abbreviations, see Table 1 Fig. 7. Frequencies of major bacterial phylogenetic groups in the SFD1 clone library and among freshwater bacterioplankton clones reported in the literature. Sources: Bahr et al. (1996) , Hiorns et al. (1997) , Semenova & Kuznedelov (1998) , Zwart et al. (1998) , Crump et al. (1999) , Bosshard et al. (2000a) , Glöckner et al. (2000) , Urbach et al. (2001) locations, indicating a cosmopolitan distribution. Especially interesting is the LD12 cluster of α-Proteobacteria, which includes SFD1-3 and SFD1-12. (Table 2 ). Most probably, the 4 clones represented amplicons too rare to be detected by the applied T-RFLP method, or they did not amplify well in the T-RFLP amplifications with a labeled primer. In addition, their occurrence in the clone library could be caused by a positive selection during cloning. Several authors report significant biases associated with cloning (e.g. Wintzingerode et al. 1997) .
Environmental controls on bacterioplankton composition
Despite the variety of sampled habitats (Table 1 , Fig. 1 ) and the spatial and temporal variation in hydrology, temperature and water chemistry among the stations and sampling campaigns (Table 3, Fig. 2 ), T-RFLP electropherograms from all samples contained the same dominant peaks (Figs. 3 & 4) . Thus, it appears that the same bacterioplankton phylotypes dominated the various habitats of the Delta throughout the year. However, differences existed in the relative intensities of T-RFLP peaks among the samples. Since PCR has been shown to give highly reproducible ratios between 16S rRNA gene amplicons when performed under identical conditions (Polz & Cavanaugh 1998 , González et al. 2000 , differences in T-RFLP peak intensities likely reflect shifts in the relative abundance of microbial phylotypes. Therefore, multivariate statistical analysis of T-RFLP peak intensities has proven useful to determine ecologically meaningful differences among complex microbial assemblages in bioreactors (Dollhopf et al. 2001 ). However, the absolute abundance of individual phylotypes in the samples cannot be accurately determined from T-RFLP profiles due to PCR biases (Suzuki & Giovannoni 1996 , Wintzingerode et al. 1997 , Polz & Cavanaugh 1998 . It also is possible that differences among the samples were not resolved by T-RFLP analysis due to fragments of the same size originating from different taxa. However, that only accounted for a small fraction of the peaks ( Table 2) .
The application of PCA and PLS to Delta T-RFLP profiles revealed consistent seasonal shifts of bacterioplankton composition in the Delta. T-RFLP fragments showing a relative increase during summer and fall, i.e. those with positive loadings of PC1 (Fig. 5) and LV1 (Fig. 6 ), were associated with low river flow, decreased DOC concentration, elevated pH and a number of DOC characteristics serving as indicators of an increased proportion of phytoplankton-produced material, as opposed to allochthonous, terrestrially derived DOC (Fig. 6B) . Those characteristics include elevated DOC bioavailability (Søndergaard & Middelboe 1995) Locations include lakes Baikal, Cadagno, Fuchskuhle and Gossenköllesee (Alfreider et al. 1996 , Pernthaler et al. 1998 , Glöckner et al. 1999 , Bosshard et al. 2000b ) and rivers Chao, Kelang, Kitahashi, Osaka (multiple rivers combined) and Takayama (Kenzaka et al. 1998 (Kenzaka et al. , 2001 Table 2 ). In general, δ-Proteobacteria are not a common component of planktonic assemblages either in oxygenated fresh waters (Fig. 7) or the ocean (Giovannoni & Rappé 2000) . Published reports on the seasonal succession of freshwater bacterioplankton are scarce and typically are based on FISH analysis using division or subdivision-specific probes. These probes only account for a median of 36% of DAPI-positive bacterial cells (Fig. 8) .
In the alpine Lake Gossenköllesee (Austria), peaks in the relative abundance of α-Proteobacteria, β-Proteobacteria, and Actinobacteria co-occurred during spring and late summer (Pernthaler et al. 1998 , Glöck-ner et al. 2000 . Our results show that closely related bacterioplankton phylotypes may have contrasting environmental responses (e.g. Actinobacteria with 395 398, and 400 bp T-RFLP fragments; Fig. 6 ). Such variation among closely related taxa would be undetected using FISH probes with broad phylogenetic resolution.
The lack of consistent spatial patterns in PCA analysis of T-RFLP patterns (Fig. 5A) suggests that minor differences in bacterioplankton composition among the stations was due to random variation as opposed to environmental factors promoting local selected growth or removal. Possibly, water residence time in the individual sampled habitats was too short for distinct local bacterioplankton assemblages to develop. Low bacterioplankton growth with estimated doubling times of 4 to 9 d in the Delta (Sobczak et al. 2002) and 0.6 to 3.5 d in the oligohaline reach have been measured in the San Francisco Bay (Hollibaugh & Wong 1996 . The median water residence time in the Delta is 25 d (Jassby & Cloern 2000) and probably varies from several hours to several days in the sampled habitats. In this regard, it is interesting that Stn S, which is part of the Yolo bypass, demonstrated the broadest seasonal variation in bacterioplankton composition among the sampled stations (Fig. 5A ). During winter, this station receives water circulated through a large area of flood plain and may carry substantial quantities of terrestrial microorganisms. During summer, the station is semiisolated with no flow-through, which may favor the formation of distinct local microbial assemblages.
Variables not considered here, particularly those involved in trophic interactions, may influence bacterioplankton composition. For example, several mesocosm studies demonstrated that selective grazing by protists favors large and filamentous bacteria of varying phylogenetic affiliations (e.g. Simek et al. 2001 , Matz et al. 2002 . Also, field studies of mixotrophic protists (Lindström 2001) and zooplankton (Höfle et al. 1999) have indicated that grazing can be the main factor responsible for changes in freshwater bacterioplankton composition. It is known that the invasive Asian clams Potamocorbula amurensis in the San Francisco Bay exhibit high grazing pressure on picoplankton, possibly including bacteria (Werner & Hollibaugh 1993 , Murrell & Hollibaugh 1998 , although the consequential effects on microbial assemblage structure are unknown. Inorganic nutrient limitation might influence community composition, although the Delta typically is replete in nitrogen and phosphorus year-round (Jassby & Cloern 2000) . Viruses also may play an important role in shaping the composition of bacterial assemblage via species-specific cell lysis, although field studies supporting this hypothesis are scarce (Wommack & Colwell 2000) .
CONCLUSIONS
Consistent seasonal but not spatial variation in bacterioplankton composition was found in PCA and PLS analyses of the 16S rRNA gene T-RFLP peak intensities in the Sacramento-San Joaquin River Delta, CA. Several phylotypes of Actinobacteria, α-Proteobacteria and β-Proteobacteria appeared to be favored by summer conditions indicative of an increased proportion of bioavailable, phytoplankton-derived dissolved organic matter. On the other hand, winter increases in δ-Proteobacteria probably were due to cell resuspension from sediments and soils. Various phylotypes from the same phylogenetic division exhibited diverse temporal patterns, suggesting that ecological roles of Delta bacterioplankton were partitioned at the genus or species level.
